Abstract: During radiotherapy, posture changes and volume changing deformations like growing or shrinking tissue result in anatomical deformations. The basis for investigating the impact of such deformations on dose uncertainties, are model-based tools for deformation analysis. In this context, we propose a transformation model based on the information of CT-images, which allows an on-the-fly calculation of voxel volumes. Our model is based on the concept of the chainmail algorithm and describes deformation on voxellevel. With an exemplary input of a set of landmark pairs, generated by a kinematic head-and-neck skeleton model, CTimages (512x512x126 voxel) can be deformed with an onthe-fly volume calculation in less than 70s. The volume calculation delivers insight into model-characteristic volume changes and is a prerequisite for implementing tissue growth and shrinkage.
Introduction
In radiotherapy, dose application is planned on CT-images obtained prior to treatment. However, in the course of treatment anatomical changes occur, which result in deviations between the planned and the delivered dose. For evaluating uncertainties in the mapped dose, models to assess the displacement vector fields (DVFs) and their variations are needed [1] . Such transformation models always have to find a balance between the level of detail and computational cost. Our transformation model uses the chainmail concept [2] and follows geometric deformation rules, so that a good computational efficiency is achieved.
The original chainmail algorithm was proposed by Gibson [2] and is mainly applied in the context of surgery simulations. It was enhanced to handle heterogeneous tissue [3] with material properties assigned according to pixel densities in medical images [4] . A limitation of the above chainmail algorithms is the inability to model inter-element rotation. Therefore, we implemented a description of local rotations, which exploits the geometric constraints of the original model [6] .
In this work we present an on-the-fly volume calculation for each voxel, which allows identifying areas of large volume changes. This offers the possibility to investigate the model-specific deformation behavior and most notably is a prerequisite for imposing volume conservation, growth or shrinkage during the deformation process.
Method
The basic idea of the chainmail approach is to divide a deformable object into a 3D grid of elements, each connected to its six nearest neighbors as illustrated for the 2D case in Fig. 1a . If an initiator-element is shifted, it propagates the local deformation information to its nearest neighbors, which in turn propagate the information to their neighbors, so that it spreads through the grid in a chain-like reaction. The propagation is based on geometric constraints, which limit the relative deformation between neighboring elements. It is governed by three parameters (Fig. 1c) : the minimum (min) and maximum (max) distance between two elements and the shear in perpendicular direction to the connections of the elements [2] . When modeling heterogeneous tissue, different tissue types are characterized by individual sets of geometric constraints. These constraints are assigned to the chainmail elements by a material transfer function, correlating pixel values with material properties [4] . Moreover, the dependency of propagation speed on material stiffness has to be taken into account. This is achieved by prioritizing the deformation propagation through chainmail elements of higher stiffness [3] .
The transformation model
In our transformation model for CT images, we correlate each chainmail element with a corresponding image voxel. Based on the Hounsfield Units (HUs) we group the elements into three different tissue categories. The geometric constraints for rigid bony tissue and highly deformable air are assumed to be constant. For soft tissue they are approximated by linear interpolation. In the following, the implementation of our on-the-fly volume calculation is described in detail.
Volume calculation
For calculating the volume of an element e, the 26 neighbors with indices have to be considered (Fig. 2a) . They define eight hexahedra adjoining to e, which are split into eight sub-hexahedra by a trilinear interpolation with a weighting factor of 0.5 into all directions (Fig. 2b) . Only those sub-hexahedra, directly adjoining to e, contribute to its volume . The volume calculation is summarized in Alg. 1. When a chainmail element e is shifted in the process of deformation, now not only the nearest neighbors, but all the 26 neighbors contributing to its volume, have to be adapted, before calculation of . During the adaption, the 26 neighbors are still prioritized according to material stiffness in order to consider the varying tissue elasticity in inhomogeneous tissue.
Application to patient data
In order to demonstrate the deformation results obtained with our model, we apply it to an exemplary data set of a headand-neck patient. The input for the transformation is obtained from an in-house-developed kinematic model for skeletal deformation, which allows generating artificial patient postures [6] . Based on this, all chainmail elements corresponding to a voxel within one of the translated and rotated bones, serve as initiator-elements.
The geometric constraints for the chainmail-algorithm are defined as fractions of the original element distance. For rigid bony tissue they are and for air
The DVF obtained by the chainmail deformation describes a transformation from the original CT to a deformed image scan. We implemented the inversion of the DVF and the resampling of the transformed image on the GPU according to the method proposed by Rodriguez et al. [5] . 
Results and discussion
The result of an exemplary shoulder protraction, induced by our kinematic model, is shown in Fig. 3 . With our rotationenabled chainmail and an on-the-fly volume calculation, the deformation of the patient CT image (512x512x126 voxel) took less than 70s (single-threaded, Intel Core i7-2600 @ 3.40GHz). The forward rotation of the shoulders and arms as well as the deformation within the surrounding soft tissue is illustrated in a fusion view (Fig. 3a) . The deformation of muscles and fatty tissue surrounding the right humerus are shown in more detail in Fig. 3b and 3c . They illustrate that the fatty tissue, characterized by low HU-values, is deformed stronger than the adjoining muscle tissue. This demonstrates the varying tissue elasticity assigned based on the HU-values.
The muscles surrounding the humerus are compressed in front of and stretched behind the humerus, due to the forward-oriented deformation. In the more flexible fatty tissue, where compression and extension are even stronger, the same behavior can be observed.. The resulting volume changes are illustrated by the heat map in Fig. 4c .
These observations illustrate a model-specific deformation behavior. Since the model implicitly assumes a force counteracting the deformation, tissue is compressed in direction of deformation and extended in the direction following the deformation (see Fig. 1b) . Because of this, the deformation result is not in a minimum-energy configuration. In the original version of the chainmail algorithm, a relaxation scheme is applied after the deformation process. It relaxes the deformed object towards a minimum energy configuration, in which the deformation is more equally distributed over a larger area. In our model, we plan to address this problem by using the information of the volumecalculation as a feed-back into the algorithm, which would then perform an on-the-fly volume adaption. 
Conclusion and outlook
We have presented a transformation model for CT images, which deforms heterogeneous tissue on voxel-level while at the same time calculating the individual voxel volumes. Our model is initialized with sets of landmarks and propagates deformation into the surrounding tissue. Conceptually, additional anatomical input, from e.g. the patient surface or growing or shrinking tumors, can also be considered for initialization.
The newly introduced volume calculation allows a qualitative evaluation of the deformation behavior. As a next step, the voxel volumes will be passed back into the algorithm during deformation, so that predefined volumes can be imposed to each voxel. Moreover, a quantitative model validation is another important step towards applying the model for investigating the influence of anatomical changes on dose uncertainties.
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